The structural gene of the Pasteurella haemolytica leukotoxin determinant is highly homologous to that of the Escherichia coli hemolysin determinant, which also encodes a specialized set of genes involved in the secretion of the hemolysin. In this report, we describe the cloning and nucleotide sequence of the analogous secretion genes from P. haemolytica which make up the remainder of the leukotoxin determinant. The secretion genes were cloned directly from the P. haemolytica chromosome to form the recombinant plasmid pPH5B. By subcloning the secretion genes together with the leukotoxin structural gene, the cloned leukotoxin determinant was reconstructed on a single plasmid, pLKT52, which directs the synthesis of active leukotoxin to the culture supernatant when expressed in E. coli. DNA sequence analysis showed the presence of two secretion genes, designated lktB and lktD in order of their genetic organization, which code for proteins of 79.7-and 54.7 kilodaltons, both of which were detected when pLKT52 was expressed in E. coli minicells. The lktB and lktD genes were found to be highly homologous to the hlyB and hlyD secretion genes of the hemolysin determinant, and the predicted LktB-HlyB and LktD-HlyD proteins were 90.5 and 75.6% homologous. Nucleotide sequence homology between the leukotoxin and hemolysin determinants was limited to the C, A, B, and D coding regions, although the presence of similar transcriptional terminators in the A-B intercistronic region is suggestive of a similar transcriptional organization. On the basis of these data, we hypothesize that the two determinants share a common evolutionary history and are prototypes for a widely disseminated family of virulence factors, the RTX cytotoxins.
Bovine pneumonic pasteurellosis, also known as shipping fever, is the major cause of economic loss in the feedlot cattle industry in North America (26, 51) . The principal microorganism associated with the disease is the bacterium Pasteurella haemolytica serotype 1. P. haemolytica secretes a cytotoxin with specificity for ruminant leukocytes (15, 37) . This leukotoxin may contribute pathogenesis by impairing the primary lung defenses and subsequent immune response or by inducing inflammation as a result of leukocyte lysis. Little is known concerning the mode of action of the toxin, and until recently attempts to purify it by conventional biochemical techniques have provided conflicting results (1, 3, 14) .
The genes encoding the leukotoxin structural protein have been cloned and expressed in Escherichia coli (21) , and their nucleotide sequence has been reported (22) . Two genes are required to produce an active toxin; the toxin structural gene, WktA, encodes a 102-kilodalton (kDa) protein which is inactive without the presence of a 20-kDa WktC gene product (22) . Both WktC and WktA show extensive nucleotide sequence homology with the hlyC and hlyA genes of the well-characterized E. coli hemolysin determinant, and the two determinants probably evolved from a common origin (21, 42) . The hemolysin determinant consists of four contiguous genes, designated hlyC, hlyA, hlyB, and hlyD in order of their genetic organization (7, 13) . As with the leukotoxin genes, the hlyC and hlyA genes are involved in producing an active toxin (10, 18, 31) ; this toxin lacks a conventional aminoterminal signal peptide and is secreted from the cell without apparent further processing by the hlyB and hlyD gene * Corresponding author.
products (6, 23, 29, 45) . In the case of the leukotoxin determinant, the recombinant plasmid pLKT5 does not encode the analogous lktB and IktD genes, and the cloned toxin remains entirely cytoplasmic when expressed in E. coli (22) . However, nucleotide sequence homology to hlyB in the region immediately downstream from IktA was found on pLKT5. On the basis of the similar genetic organization of the two determinants, we hypothesized that the leukotoxin determinant may have secretion genes contiguous to the toxin structural gene which have not yet been identified.
This report details the cloning and expression of these secretion genes in E. coli. The leukotoxin determinant, now cloned in its entirety, provides a ready source of the toxin for further biochemical and immunological analysis. Nucleotide sequence analysis of the leukotoxin secretion genes reveals a high degree of homology with the hemolysin secretion genes, strengthening the hypothesis that both toxins are members of a widely disseminated family of cytotoxins.
MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. P. haemolytica serotype 1 was obtained from G. H. Frank, National Animal Disease Center, Ames, Iowa, and was originally isolated by E. L. Biberstein, University of California, Davis. E. coli TG-1 and E. ccli AT1522 were described previously (22) . E. coli DH1 (F-endAl hsdRJ7 supE44 thi-J recAl gyrA96 relAl) as well as plasmids pACYC184 and pSF4000 were provided by R. A. Welch, University of Wisconsin, Madison. The pUC18 and -19 vectors as well as the E. coli DH5oL host strain (4(801acZAM15 F-endAl hsdRJ7 SupE44 thi-J recAl gyrA96 reJAl) were purchased from Bethesda Research Laboratories, Inc. (Burlington, Ontario, Canada). The M13mpl8 and -19 vectors (50) as well tion according to the method of Marmur (25) . After restriction endonuclease digestion, the DNA was fractionated by centrifugation through a 10 to 40% linear sucrose gradient as described by Maniatis et al. (24) . The fraction containing the desired DNA fragment was identified by agarose gel electrophoresis and Southern blot analysis.
DNA sequencing and sequence analysis. The dideoxy-chain termination method (35) in conjunction with the M13mpl8 and -19 vectors and the overlapping deletion procedure of Dale et al. (4) was used to sequence the cloned DNA. Details of the modifications used in our laboratory have been described (22) . The DNA sequence was compiled and analyzed by using the Pustell sequence analysis programs (32) (International Biotechnologies Inc., Toronto, Ontario, Canada) on (1, 000 Ci/mmol) by methods described previously (5, 22) . The labeled plasmid-encoded proteins were separated by SDS-polyacrylamide gel electrophoresis (PAGE) (19) and identified by direct autoradiography of the dried gel, using Cronex 4 X-ray film (E. I. du Pont de Nemours & Co., Inc., Wilmington, Del.).
Western blot (immunoblot) analysis. Cultures were grown to stationary phase, and the cells were harvested by centrifugation (10,000 x g, 10 min). The cell pellets were suspended in 2x SDS-PAGE sample buffer (19) to yield a preparation of total cellular proteins. Supernatant proteins were concentrated from 10 ml of culture supernatant by precipitation with trichloroacetic acid (final concentration, 6%) for 1 h at 40C, pelleted by centrifugation (10,000 x g, 10 min), washed once with acetone to remove excess trichloroacetic acid, and resuspended in a minimal volume of 2x SDS-PAGE sample buffer. The proteins were separated by SDS-PAGE and transferred to nitrocellulose essentially as described by Burnett (2) . Hyperimmune anti-LktA serum was prepared by immunization of rabbits with gel-purified LktA which was expressed under the control of the hybrid tac promoter; details of the expression of LktA and preparation of the antiserum will be presented elsewhere. After incubation with this antiserum (1/500 dilution) overnight, the blots were washed and the presence of bound rabbit antibody was detected by using a goat anti-rabbit immunoglobulin G-alkaline phosphatase conjugate and color development reagents as suggested by the supplier.
RESULTS
Mapping of the P. haemolytica chromosome downstream from lktA. The P. haemolytica leukotoxin structural gene was originally cloned on plasmid pLKT4, which when expressed in E. coli directed the synthesis of 102-kDa LktA and 20-kDa LktC proteins (22) . LktA is the toxin structural protein, and LktC modifies LktA to an active form (22) . Although the toxin is normally secreted by P. haemolytica, the cloned product remains intracellular in E. coli (22) . The nucleotide sequence of lktC and IktA revealed that they are related to the hlyC and hlyA genes of the E. coli hemolysin determinant (22, 42) . The region immediately downstream from lktA on pLKT4 contains sequences that are homologous to hlyB, a gene in the hemolysin determinant which encodes a component of a specialized secretion function (45) . These putative lktB sequences lie in a reading frame which is truncated at a Sau3A site 312 nucleotides downstream from the XbaI site on pLKT4 (data not shown). Since the P. haemolytica clone bank was generated by the ligation of partially digested Sau3A fragments into the BamHI site of the vector pBR322 (21), it is possible that the insert DNA of pLKT4 beyond the Sau3A site originates from a different location of the P. haemolytica genome. Further investigation showed that indeed two separate Sau3A fragments were ligated in the plasmid (data not shown). In the subcloning of pLKT4 to yield pLKT5 ( Fig. 1) Cloning of pPH5B and construction of pLKT52. P. haemolytica genomic DNA was digested with PstI and KpnI, and the fragments were fractionated by sucrose gradient centrifugation. Agarose gel electrophoresis and Southern blot analysis were used to identify the fraction from the gradient containing the 7.2-kbp PstI-KpnI fragment. DNA from this fraction was ligated into the plasmid vector pUC19, digested with PstI and KpnI, and transformed into the host strain E. coli DH5a. Recombinant clones were selected on the basis of ampicillin resistance and loss of P-galactosidase a-complementation and then screened for the presence of the desired fragment by a colony blot procedure. Plasmid pPH5B was recovered and mapped ( Fig. 1) , and the restriction sites were found to agree with those predicted by the chromosomal mapping data (Fig. 2) , which confirmed that the cloned DNA originated from the region of the P. haemolytica chromosome downstream from lktA.
To reconstruct the entire leukotoxin determinant on a single recombinant plasmid, it was necessary to combine the insert DNA from pPH5B and pLKT5 (Fig. 1B) pPH5B was digested with EcoRI, which cleaves in the multiple-cloning-site region of the pUC19 vector, and the 5' overhanging ends were removed by digestion with mung bean nuclease. The plasmid was then digested with Clal, and the resulting fragment was purified for ligation into pLKT5. Plasmid pLKT5 was digested with SalI, and the 5' overhanging ends were filled in with the Klenow fragment of DNA Polymerase I. After digestion with Clal and purification of the appropriate fragment, the ClaI-EcoRI fragment derived from pPH5B was ligated into place. The resulting plasmid, pLKT52, contained the entire leukotoxin determinant (structural genes plus secretion genes) inserted into the EcoRV and Sall sites of the vector pBR322 (note that the Sall site was regenerated in the subcloning process).
Expression of the secretion genes. Secretion of LktA from E. coli containing the cloned leukotoxin determinant was monitored by Western blot analysis. Figure 3 is a Western blot showing whole-cell and supernatant protein preparations expressed from various plasmids in E. coli DH1, separated by SDS-PAGE, and probed with an anti-LktA polyclonal antiserum. As described previously, pLKT5 directs the expression of LktA, which remains cell associated, with no detectable LktA in the culture supernatant (22) . E. coli carrying pLKT52 is able to secrete LktA to the supernatant, although some material remains cell associated, presumably in the process of being secreted. The proteins expressed from E. coli carrying only the vector pBR322 are included to indicate cross-reacting materials not relevant to this analysis. It is clear that pLKT52 must carry genes which encode the secretion function of the determinant and that these genes are operational in an E. coli background. However, this process is inefficient in the heterologous host, since secreted LktA could be detected only in late-log-or stationary-phase cultures and not in rapidly growing cultures (data not shown), and a large proportion of the LktA synthesized remained cell associated.
The proteins encoded by pLKT52 were analyzed by using the E. coli minicell system, which permits specific labeling of plasmid-encoded proteins. The minicell-producing strain E. coli AT1522 was transformed with the desired plasmids, and minicells were isolated, labeled with [35S]methionine, and separated by SDS-PAGE. Since the minicell-labeled proteins expressed from pLKT52 showed a complex profile, the proteins expressed from the well-characterized hemolysin determinant cloned on pSF4000 are included to facilitate analysis of the results (Fig. 4) ; the insert-encoded proteins from each recombinant plasmid are indicated in the central portion). pLKT52 encodes a number of proteins in addition to the LktA and LktC proteins previously identified; since these are of similar size and show amino acid homology to the hemolysin secretion proteins (see below), they are designated LktB and LktD according to established convention. Although the presence of degradation products from both toxin structural proteins (LktA and HlyA) gives rise to a high background, it is clear that the LktC-HlyC, LktB-HlyB, and LktD-HlyD proteins are closely matched in terms of molecular weight, at 20,000, 80,000, and 54,000, respectively. The different molecular weights of LktA and HlyA, 102,000 and 110,000, are also apparent. LktA and LktC are encoded by pLKT5 and are involved in the production of the structural toxin only. LktB and LktD must be encoded by the newly cloned DNA and, by analogy to the proteins of the hemolysin determinant, are involved in the secretion process. The levels of expression for each of the proteins are similar VOL. 171, 1989 between the two determinants, which suggests similar methods of regulation.
DNA sequence of the secretion genes. The strategy used to determine the nucleotide sequence of the insert DNA of pPHSB is indicated in Fig. 1B . With the exception of a short region between the XbaI and PvuII sites, both strands were sequenced to completion, and all bases were read independently at least three times. The DNA sequence (Fig. 5) is numbered according to the published sequence of the leukotoxin structural genes, starting at the first nucleotide in the initiation codon of IktC (22) . The sequence presented here runs from nucleotide 3357 in the 3' end of lktA to the PvuII site at nucleotide 7332; the length of the complete leukotoxin determinant, including coding regions and flanking sequences, is 7,801 bp.
Analysis of the nucleotide sequence reveals the presence of two open reading frames (ORFs) encoded sequentially on the same DNA strand, each with an appropriate ShineDalgarno site and ATG initiation codon (38) . The ORFs are designated lktB and IktD in order of their occurrence; lktB starts at nucleotide 3456, with a stop codon at nucleotide 5582, and Iktl starts at nucleotide 5594, with a stop codon at nucleotide 7030. The predicted polypeptides encoded by the two genes are 708 and 478 amino acid residues in length, with masses of 79.7 and 54.7 kDa, respectively. These polypeptides correlate to the LktB and LktD proteins detected in the minicell analysis, which confirms that IktB and IktD are expressed in vivo. The DNA sequence of the flanking 1.5-kbp region between the PvuII and KpnI sites is not included in Fig. 5 , and it does not contain any significant ORFs.
Further analysis of the DNA sequence reveals features that are similar to structures involved in the regulation of transcription. The IktA-lktB intercistronic region contains a rho-independent transcriptional terminator (34) starting at nucleotide 3393 that consists of a 16-bp hairpin loop followed by a series of uridylate residues (Fig. 6A) . A promoterlike region is also present which in part overlaps lktA, with a -35 RNA polymerase-binding site and -10 Pribnow box at nucleotides 3359 and 3384, respectively (12) . A second transcriptional terminator, consisting of a 16-bp hairpin loop structure similar to that described between IktA and IktB, can be identified downstream from lktD (Fig. 6B) . The AG values of -101.2 and -125.4 kJ for the structures downstream from IktA and IktD, respectively, would seem to favor the formation and operation of these structures as transcriptional terminators; the promoter structure, in turn, suggests that lktB and lktD may be transcribed as a single polycistronic message.
Homology with the hemolysin secretion genes. The leukotoxin and hemolysin determinants are similar in genetic organization (Fig. 7A) ; since the two hemolysin determinants that have been sequenced (one chromosomally encoded and cloned on pSF4000 and the other encoded by pHlyl52 and cloned on pANN202-312) are essentially identical (7, 13), they are represented on the same map. All three determinants encode four genes on the same DNA strand, and the intercistronic distances between the genes are similar: 15, 74, and 11 nucleotides for the leukotoxin determinant (22) and 11, 70, and 18 nucleotides for both hemolysin determinants (7, 13) for the C-A, A-B, and B-D regions, respectively. Similar promoterlike regions and transcriptional terminators exist in the A-B intercistronic regions of the determinants. The transcriptional organization of the hemolysin determinant is also presented (Fig. 7A) (48) . A single promoter generating an hlyCA as well as an hlyCABD transcript is present, indicating that the transcriptional terminator in the A-B intercistronic region is semifunctional and the promotorlike structure is not. No significant hairpin loop structure can be identified downstream from hlyD in either hemolysin determinant (7, 13) , and transcriptional termination is presumably dependent upon the rho factor, which differs somewhat from the structure of leukotoxin determinant.
A matrix plot of the leukotoxin determinant versus the hemolysin determinant (Fig. 7B) shows the extent of nucleic acid homology between the two sets of genes. Little homology exists in the C-A, A-B, and B-D intercistronic regions or in the regions which flank the C and D reading frames. The iktB-lktD and hlyB-hlyD genes are homologous throughout their lengths, more so that lktC-iktA and hlyC-hlyA, which suggests a more stringent conservation of the secretion function within the two determinants. The secretion genes have similar G+C contents: 38.3 and 40.2% for the leukotoxin and hemolysin, respectively (7, 13) .
Predicted amino acid sequence features. The amino acid sequences of LktB and LktD as predicted from the DNA sequence data, along with a comparison with the sequences of the HlyB and HlyD secretion proteins of the two hemolysin determinants, are shown in Fig. 8 (7, 13) . Note that the amino acid sequence of the chromosomally encoded HlyB has been corrected between residues 189 and 206 to reflect newly detected errors in the reported sequence of hiyB (13; R. A. Welch, personal communication). In the strict alignment presented, the leukotoxin and hemolysin secretion proteins are highly homologous. On the basis of the sequence of the chromosomally encoded hemolysin, LktB and HlyB differ in length by only one residue and share 573 identical amino acids (80.9o homology), whereas LktD and HlyD are the same length and share 287 identical amino acids (60% homology). Less stringent comparisons (made possible through the GAP programs at the University of Wisconsin, Madison) (28) which take into account conserved amino acid changes give values of 90.5% for LktB and HlyB and 75.6% for LktD and HlyD.
As expected, the hydropathy profiles of these proteins are remarkably similar (Fig. 9) . Discrete hydrophobic domains within their sequences (at residues 140 to 210, 260 to 320, and 360 to 430 for LktB and HlyB and at residues 55 to 80 and 325 to 380 for LktD and HlyD) are suggestive of a transmembranous location for both sets of proteins (23, 27, 39) ; however, none of the proteins possess a hydrophobic amino-terminal signal peptide to facilitate such a localization (44) . The predicted isoelectric points (pI) for LktB and HlyB are in close agreement, at 9.9 and 10.1, whereas those for LktD and HlyD differ markedly, at 9.3 and 6.3, respectively.
DISCUSSION
The P. haemolytica leukotoxin is a major virulence factor in the pathogenesis of bovine pneumonic pasteurellosis (15, 37) . In previous reports, we described the cloning, expression, and nucleotide sequence of the leukotoxin structural gene as well as its extensive homology to the toxin structural gene of the E. coli hemolysin determinant (21, 22, 42) . However, further analysis of these data revealed that the leukotoxin determinant contains specialized secretion genes not encoded on our original recombinant plasmids, pLKT4 and pLKT5, and that the insert DNA of pLKT4 contains an artifact created during the formation of the P. haemolytica clone bank by the ligation of two separate DNA fragments into the same vector. Such artifacts are frequently encoun- tered in the formation of any clone bank (24) , and the use of caution in order to detect them when isolating genes from such a source cannot be overemphasized.
To avoid further problems in this area, we adopted a strategy involving the mapping of the P. haemolytica chromosome directly. A DNA fragment encoding the secretion genes was isolated and ligated into the plasmid vector pUC19, generating the recombinant plasmid pPH5B. The leukotoxin determinant was reconstructed in its entirety on a single plasmid, designated pLKT52, by subcloning pPH5B into pLKT5. When expressed in E. coli, pLKT52 directs the secretion of active leukotoxin to the culture supernatant. Although the level of expression is significantly lower when compared with the amount of toxin produced by P. haemolytica, the cloned leukotoxin determinant is nevertheless completely functional in the heterologous E. coli background. The insert DNA of pPH5B contains two ORFs, which code for polypeptides of 79.7 and 54.7 kDa; the two ORFs lie immediately downstream from the previously characterized lktC and lktA genes (21) . Proteins similar in molecular weight to the predicted polypeptides were identified by using E. coli minicells, which confirmed that-the ORFs, designated IktB and 1ktD, are expressed in vivo. The leukotoxin determinant is thus composed of four genes, in the order WktC, -A, -B, and -D with respect to their genetic organization; lktC and IktA are involved in the production of an active structural toxin, and IktB and lktD are involved in the export of this toxin to an extracellular location.
The leukotoxin determinant is highly homologous to the E. coli hemolysin determinant, with each encoding proteins that are closely related in both molecular weight and amino acid sequence. Taking into account conserved amino acid changes, the predicted C and A polypeptides of the leukotoxin and chromosomally encoded hemolysin determinant are 68.4 and 62.7% homologous; the details of this homology have been presented elsewhere (42) . The B and D polypeptides share significantly greater homology, 90.5 and 75.6%, respectively, which reflects a more stringent conservation of the secretion functions than of the structural toxin within each determinant. A 46-kDa HlyB' truncate has been reported to be expressed from hlyB (7, 23) ; because of a high background of degradation products, HlyB', as well as the analogous LktB', was not detectable in our minicell analysis (Fig. 4) . The functional significance of HlyB' remains to be elucidated; it may represent a degradation product of HlyB. true nature of the toxins before the determinants were cloned.
Although there are no major gaps in the homology between LktD and HlyD, the proteins are significantly different with respect to predicted pI values, 9.3 and 6.3, respectively. HlyD is localized to a membrane-bound site in E. coli (23) . Since the membrane protein profiles of P. haemolytica and E. coli differ markedly (unpublished results), the observed differences in pI for the two proteins likely reflect adaptations within each protein to a unique microenvironment. In addition to playing a role in secretion, HlyD has been suggested to function as a positive effector of expression of H1yA, probably through an indirect mechanism involving the relief of translational arrest which occurs if HlyA is not cotranslationally secreted ( lktD (12, 34) . This finding suggests that the lktC-lktA and lktB-lktD gene pairs are transcribed as separate polycistronic messages. Since the location and activity of a promoter cannot be reliably predicted on the basis of DNA sequence data alone (12) , the alternate possibility that a single large transcript encodes all four genes must be considered. The promoterlike region in the hlyA-hlyB intercistronic space of the hemolysin is nonfunctional despite an almost perfect match to the E. coli consensus promoter sequence, and the secretion genes are transcribed as part of a single 8.0-kilobase hlyCABD transcript (47) . The regulation of expression of the leukotoxin determinant may differ, however, as there is little DNA homology to the hemolysin determinant in noncoding regions and different transcriptional termination signals are present downstream from 1ktD and hlyD (7, 13) . A complete understanding of the genetic organization of the leukotoxin determinant awaits mapping of the transcripts involved.
Proteins that share as much homology as the proteins of the two toxin determinants are often able to functionally complement one another (40) . In this light, lktB-lktD and hlyB-hlyD appear to be completely interchangeable with respect to the ability to secrete LktA and HlyA in E. coli (unpublished results e n @ e z e e z e z e e n n n X @ 0 * e n e e n n X . . . j * . _ . n _ + , * e n n * * . n * * n z n n * § * n n r w n * . . . . . n + . -+ * X . * -e -* * * * * * * , . , , , , , , . . . . . . _ 4 * @ * | * * @ o l e @ Z * o l 4 e .;@ *-@ @-l *@ t .
. secretion signals must be present in both LktA and HlyA. Little is known concerning the mechanism of secretion carried out by HlyB and HlyD (23, 45) . The carboxyterminal 218 amino acid residues of HlyA are required for secretion (10, 30) , and a domain which facilitates the process has been localized to the final 27 to 37 amino acid residues of the protein (10, 18) . Since LktA and HlyA share little homology in the carboxy-terminal region, it is likely that other domains are also involved in the secretion process. T. Felmlee and R. A. Welch (Proc. Natl. Acad. Sci., in press) found that the repeated domains of HlyA are required for efficient release from the cell surface of E. coli, and the possibility that other, as yet unidentified regions of the protein may have roles in secretion cannot be discounted. A complete analysis of the extent to which each leukotoxin and hemolysin gene function is complementary will prove useful in the identification of functional domains involved in the process of secretion as well as the process of target cell lysis.
With the homology between the leukotoxin and hemolysin determinants now well established, and with the observation that Morganella morganii, Proteus vulgaris, Proteus mirabilis (16, 46) , Actinobacillus equuli, Actinobacillus suis, and Actinobacillus actinomycetemcomitans (unpublished results) all possess toxin determinants with homology to the hemolysin, it is apparent that the leukotoxin and hemolysin determinants are prototypes for a widely disseminated family of cytotoxins. The startling discovery that the Bordetella pertussis adenylate cyclase toxin shows homology to the hemolysin determinant exemplifies the extent to which this family has disseminated (9) . The adenylate cyclase toxin appears to be a fusion between an adenylate cyclase gene and a form of IktA or hlyA; the cya gene codes for a protein of 1,706 amino acids, of which the amino-terminal 450 residues contain the adenylate cyclasb activity and the carboxy-terminal 1,300 residues are homologous to LktA and HlyA (9) . Although the presence of secretion genes is not reported in the cloning of cya, the region downstream from the gene contains a truncated ORF which shows some homology to LktB and HlyB, which suggests that this toxin determinant possesses a discrete set of secretion genes (data not shown). As a family of cytotoxins, then, these related determinants have in common two motifs: the presence of a specialized set of secretion genes, and the presence of a series of repeated domains within the structural toxin itself (43, 47; Felmlee and Welch, in press ). With respect to the latter, each repeated domain contains nine amino acid residues and is tandemly duplicated 6 times in the leukotoxin (42), 11 times in the hemolysin (42; Felmlee and Welch, in press), and 41 times in the adenylate cyclase structural toxins (9) ; by using an antiserum specific for the repeated domains of LktA, similar regions have been detected in the other homologous toxins (R. Y. C. Lo, manuscript in preparation). With the repeated domains as a basis for nomenclature, the name RTX cytotoxins (for repeats in the structural toxin) has been proposed to denote this newly emerging family of virulence factors.
Finally, with respect to the evolution of the RTX family, there is evidence that the toxin determinants originated from the fusion of a number of different genetic elements. For example, both lktB and hlyB show extensive homology to a variety of bacterial transport proteins as well as the P glycoprotein, which is involved in multidrug resistance of tumor cell lines (8) . When considered with the residual promoter sequences present in the A-B intercistronic spaces of the toxin determinants, these data are suggestive of an event which fused a gene(s) involved in a transport function next to the primordial toxin structural gene. The presence of a number of promoter elements upstream of hlyC has been demonstrated (48) ; these may represent additional residual promoters generated during further development of the toxin determinant to form a coherently regulated genetic element. The likely gene fusion that occurred in B. pertussis to form cya illustrates that gene fusion events are not limited to intercistronic regions. DNA sequence data from other members of the RTX family will provide valuable clues to aid in unraveling the evolution of these determinants.
